Abstract: This paper provides a simple strategy to reduce peak-to-average power-ratio (PAPR) of single-carrier frequency-division multiple-access interleave-division multiple-access (SC-FDMA-IDMA) scheme employed in underwater acoustic (UWA) communications. The attributes that are attractive for UWA communications are power and bandwidth. High-order modulations are used to make SC-FDMA-IDMA more bandwidth efficient. But as we move towards high-order modulations PAPR of localised SC-FDMA-IDMA signal becomes high. Presented technique aims to further reduce PAPR of SC-FDMA-IDMA signals. Transmitter structure of the presented technique employs random interleaver to differentiate users and power interleaver to generate multiple interleaved sequences for the same user. All power interleaved data sequences are compared and the sequence with minimum PAPR is selected for transmission. Performance has been analysed by PAPR simulations and BER (Bit Error Rate) results in acoustic environment. Analysis confirms the merits of our technique over other competing alternatives in terms of performance, complexity and spectral efficiency.
Introduction
Recently, multi-carrier modulation in the form of Orthogonal Frequency-Division Multiplexing (OFDM) has attracted much attention of the researchers for multipath channels, like underwater. OFDM supports equalisation in frequency domain, which is simple as compared to time domain equalisation. Orthogonal Frequency-Division MultipleAccess (OFDMA) is the associated multiple-access technique, which has been investigated in Tu et al. (2011) . As we know that underwater acoustic (UWA) channel is highly time varying channel, so the throughput of plain OFDMA is affected by fluctuation among the gains of the sub-carriers (Ping et al., 2007) .
Interleave-Division Multiple-Access (IDMA) has also been actively pursued in UWA communications (Aliesawi et al., 2011) . IDMA is a spread spectrum technique in which users are distinguished by user specific interleavers. IDMA provides advantage of efficient use of system bandwidth which is a critical resource in UWA communications. A problem associated with plain IDMA detection is that its receiver complexity increases linearly with the number of paths.
In multipath fading UWA channel the overall complexity increases linearly with the tap coefficients .
For multipath channels like UWA channels, in multiuser environment, OFDM technique can be combined with IDMA scheme to inherit most of the advantages of both the schemes. OFDM modulation technique has been perceived to resolve inter-symbol interference and IDMA deals with Multiple-Access Interference (MAI). Experimental results are provided in Dang et al. (2011) to verify OFDM-IDMA approach in UWA environment.
Acoustic underwater communications are band-limited as well as power limited. Batteries cannot be recharged frequently and solar energy cannot be used underwater. However, OFDM creates a major implementation challenge because of large fluctuations in its signal amplitude which results in high PAPR of time domain waveforms. For signals with large PAPR, input power is backed off to maintain peak power characteristics of input signal near saturation level. However, transmitter power amplifier reaches its maximum efficiency when operated to saturation (Jiang and Wu, 2008) . Input power back off reduces the energy efficiency of transmitter power amplifier, which is detrimental to power limited acoustic environment, where usually batteries cannot be recharged.
SC-FDMA is like OFDM, but in which each modulation symbol is Discrete Fourier Transform (DFT) spread across all the data sub-carriers. SC-FDMA signals exhibit a lower PAPR (Myung et al., 2006) because in time domain one data symbol is transmitted on multiple data-sub-carriers which give it a single-carrier structure.
Because of its lower PAPR nature, SC-FDMA is an attractive alternative to OFDM in power limited acoustic environment. In literature SC-FDMA technique with iterative Multi-User Detection (MUD) has been named as Grouped Frequency-Division Multiple-Access (G-FDMA) (Yune et al., 2010) . This multiple-access scheme uses distinct interleavers to distinguish multiple users so throughout this work we name the scheme as SC-FDMA-IDMA scheme. Because of additional DFT pre-coding PAPR is reduced but it does not reject the need for further PAPR reduction. In this work we have investigated localised SC-FDMA-IDMA scheme because of its low PAPR structure and significant benefit of multi-user diversity, which is a consequence of channel dependent scheduling (Wang et al., 2007) . But in case of 16-Quadrature Amplitude Modulation (QAM) and 64-QAM localised SC-FDMA-IDMA signals also need PAPR reduction (Rana et al., 2010) . So the presented work focuses on the reduction of PAPR for higher order modulations.
Techniques to reduce the PAPR simplify the transmit power amplifier design. Plethora of research has been done to reduce the PAPR of OFDM signals; however, for SC-FDMA, PAPR reducing investigations are rare in literature. In case of band-limited acoustic environment pulse shaping method (Yuen and Farhang-Boroujeny, 2012; Meza et al., 2012) is not very efficient because this technique performs linear filtering operation in order to reduce out of band signal energy. So this technique requires a compromise between the aims of low out of band radiations and low PAPR. This leads to excess bandwidth requirement, which doesn't suit band-limited acoustic environment. Moreover, linear filtering deteriorates BER performance. Selected mapping (SLM) (Mohammad et al., 2012) and Partial Transmit Sequence (PTS)-based methods (Sayed-Ahmed et al., 2012) need substantial computations and require transmission of side information, which is again a sacrifice of bandwidth.
As mentioned previously, localised SC-FDMA-IDMA is a DFT pre-coded OFDM-IDMA scheme which still exhibits high PAPR in case of higher order modulations like 16-QAM and 64-QAM. So to avoid the high computational load of PTS and SLM techniques, and to avoid excess bandwidth requirement of pulse shaping, amplitude clipping and filtering has been reported as simplest technique for PAPR reduction of OFDM signals (Armstrong, 2002) . Amplitude clipping limits the transmitted peak power but it results in distorted signal. Filtering can be done to reduce in band signal distortion but it degrades BER performance. Spectral efficiency is also reduced due to out of band signal generation. In SC-FDMA clipping mitigates in band signal distortion as information is spreaded across all the modulated carriers. But still some error floor is there and the amount of clipping reduces the spectral efficiency also. One more method (Ji et al., 2014) provides PAPR reduction but with some distortion for higher order modulation schemes. Therefore, in this work we suggest a distortionless PAPR reduction technique for SC-FDMA-IDMA signals which provides a solution for the above-stated problems. The described technique is based upon the principle of interleaving technique; at the same time it exploits the use of distinguished interleavers used for different users to achieve better PAPR.
Interleaving-based PAPR techniques are well explored for multi-carrier transmission systems (Han and Lee, 2005) . For single-carrier transmission systems there is no reported literature based upon interleaving technique. In this work we have incorporated interleaving technique with SC-FDMA-IDMA signals. Use of distinct interleavers in IDMA systems can be exploited to further reduce the PAPR of the transmitted signal, so complexity is low as compared to multi-carrier interleaving-based PAPR techniques.
The organisation of this work is as follows. Section 2 describes the system model of the presented technique with the review of interleavers used in this technique. Section 3 presents performance analysis on the basis of PAPR reduction and BER results. Finally we conclude this paper by drawing some conclusions in Section 4.
System model and proposed technique
As described earlier, the presented PAPR reduction technique is based upon the interleavers, the two types of interleavers which are being used in this technique are random interleaver (Aliesawi et al., 2011; Ping et al., 2006) and power interleaver which are briefly described in the following paragraphs.
Random interleaver
In random interleaver scrambling patterns of different users' data are chosen arbitrarily to distinguish multiple users. These distinguished random patterns provide better orthogonality among different users, which greatly reduces MAI problems. As far as network security is concerned these random interleavers are hard to predict. These randomly selected interleavers provide best protection against network security in comparison to other interleavers such as power interleaver and tree-based interleaver (Shukla et al., 2009) , because random interleavers' generation doesn't depend upon one master interleaver sequence as in power interleaver and tree-based interleaver.
Power interleaver
The algorithm for power interleaver generation involves one master random interleaver, i.e. π, which is allotted to first user as user-specific interleaver. After that, for the second user, the interleaving sequence will be calculated by re-interleaving the master interleaver, i.e. π(π). Similarly, for third user, the interleaving sequence will be calculated from π(π(π)). For the others users, the user-specific interleavers can be calculated in similar continuing manner. In this technique power interleaver has been used to generate multiple data sequences for the same user, and master random interleaver π for each user is generated using random interleaver.
Transmitter structure
Transmitter structure of the presented technique is shown in Figure 1 . For any user k convolutional encoded and spreaded data sequence -1) according to random interleaving pattern for that user. As depicted in Figure 1 after being processed by user distinct random interleaver π k the data sequence of each user is again power interleaved by a fixed number of times (S-1). In this work we have chosen random interleaver structure, to distinguish different users of SC-FDMA-IDMA system and powerinterleaver generation mechanism to generate (S-1) altered permuted sequences of the same user. User specific random interleaver will work as master interleaver for powerinterleaver sequence generator. The alternating permuted sequences will be generated by power-interleaving mechanism according to power index assigned from 1 to S. If π k is the interleaver assigned to user k according to random interleaver structure and φ k is the associated interleaved sequence then altered sequences generated by power-interleaver will be (φ k ) 1 , (φ k ) 2 (φ k ) 3 and (φ k ) S for power index 1, 2, 3 and S accordingly. Here, 
Replacing X m by equation (1), the time domain samples are as follows:
For conventional SC-FDMA signal r(n) is a sinc like pulse, and so for SC-FDMA-IDMA signal also, which can be represented as follows:
PAPR of the transmitted time domain SC-FDMA-IDMA signal can be defined as: proportional to complex modulated symbols taken from some higher order constellation set and phase difference between two samples is:
Analysis of peaks of SC-FDMA-IDMA signal
Peaks of the SC-FDMA-IDMA signal will take place if two in-phase successive complex modulated symbols are from outer constellation points. It is a well-known empirical concept that most of the time signals do not change abruptly and adjacent signal samples are highly correlated. For large amplitude signals these highly correlated signal samples, when mapped on to the high-order constellation set like 16-QAM as shown in Figure 2 , result in outermost constellation points, which causes high peaks of the SC-FDMA-IDMA signal. This technique exploits the feature of the signal that highly correlated signals exhibit high PAPR. PAPR is low if correlation among the data sequence is reduced. After using the user specific interleaver correlation among the data sequence is reduced itself, which is further reduced using the group of power-interleaved data sequences generated using the same user specific random interleaver as master interleaver. Interleaving reduces the possibility of two adjacent modulation symbols being from outer constellation set. The scrambling of data bits changes the constellation points from inner to outer and from outer to inner. Suppose for a data sequence 16-QAM modulation symbol sequence is given as 1000001011111101. In this sequence 1000 and 0010 modulation symbols are from outer constellation set as shown in Figure 2 . These outer constellation points with same phase results in high peaks of the SC-FDMA-IDMA signal. After interleaving if this sequence changes to 1001011111110000, then in this sequence no two successive symbol points are from outermost constellation set, resulting in reduced PAPR characteristics. In this method the user's random interleaved data sequence is again permuted by multiple power interleavers, resulting in multiple interleaved sequences, and each time PAPR is calculated for the permuted data sequence according to equation (5). The scrambled data sequence with minimum PAPR is selected and transmitted with the sequence number of the interleaved sequence given as side information. Because of the same master random interleaver is used to generate multiple interleavers which are further used to generate interleaved sequences, the transmitter complexity is simplified as well. Moreover, the memory cost of this system is also low. All the power-interleaved sequences, S-1, are generated one after another so there is no need to store any intermediate results . With this technique master random interleaver structure is already transmitted to distinguish the user. The extra overhead as side information to reduce PAPR is only the sequence number of the scrambled data sequence. This technique reduces PAPR with minimum side information which is again a benefit for band-limited environment. So with this technique there is no need to transfer the complete structure of interleaver as in interleaver-based reduction techniques.
Receiver structure
At the receiver side while performing MUD, interleaver structure for a particular user is computed with the master random interleaver and sequence number of the scrambled data sequence received.
The received signal as shown in Figure 3 after processing through N-point FFT is de-sub-carrier mapped to iteratively detect the signals from different users. Iterative MUD with frequency domain equalisation is used to detect signals from different users accessing simultaneously all the sub-carriers. Each iteration performs Multi-User Interference Cancellation (MIC), Minimum Mean Square Error (MMSE) equalisation and decoding process successively .
Successive MIC detects one user's signal at a time. The user with the highest Signal to Noise Ratio (SNR) is detected first. Next the user with comparatively low SNR is detected and so on the detection process continues. Thus, the user with the lowest SNR will experience minimum MAI. In summary, the presented technique avoids the high computational load of SLM and PTS-based techniques. In terms of spectrum efficiency also this technique is better than pulse shaping technique. Moreover, this technique reduces the PAPR of the SC-FDMA-IDMA signal without degraded BER performance.
Simulations and results
Simulations of the presented technique have been performed with localised SC-FDMA-IDMA scheme. Peak amplitude clipping method has also been considered in this simulation to compare the presented technique. N = 512 number of subcarrier system is simulated for M = 150, 16-QAM and M = 100, 64-QAM complex modulated symbols. 10 4 uniformly random data blocks are generated to obtain the Complementary Cumulative Distribution Function (CCDF) of PAPR. Detailed system parameters are shown in Table 1 . To evaluate the PAPR reduction performance of the presented technique, number of interleaved sequences S is taken as 4 and 8, respectively. Figures 4 and 5 show the PAPR gains of the presented technique for 16-QAM and 64-QAM schemes in comparison to plain SC-FDMA technique. As clear from Table 2 that at 0.01%, PAPR of 16-QAM signal is reduced by 2.2 dB and of 64-QAM signal by 2.2 dB, for S = 4 interleaved sequences. And with eight interleaved sequences PAPR is reduced by 3.2 dB for 16-QAM signal and 3.1 dB for 64-QAM signal. It should also be noted that this gain is achieved at the cost of zero bit error introduction and number of bits required as side information is log 2 S. Obviously the amount of PAPR reduction depends on the number of interleaved sequences. Moreover, almost same PAPR reduction is attained as amplitude clipping method attains. Table 3 .
Other different parameters like salinity of water is 30 g/kg; temperature is set as 14°C, pH value of water is taken as 6 and wind speed is assumed as 10 m/s. MUD is performed for five iterations. From these two figures we can see that the BER performances of the presented technique and conventional SC-FDMA technique are almost the same for both 16-QAM and 64-QAM schemes for different values of power index taken as 4 and 8. It can also be seen that at comparatively low SNR, when transmission BER for the channel is relatively greater than the BER introduced due to symbol amplitude clipping, the BER performance of the presented technique is same as amplitude clipping method. Clearly as the SNR increases above 35 dB, performance degradation due to amplitude clipping starts to appear because at higher SNRs transmission BER for the channel gets comparable or smaller than BER introduced due to symbol amplitude clipping. It is observed from the above simulations that the presented technique achieves better BER performance even at high SNRs. 
Conclusions
Numerical analysis of the described PAPR reduction technique for localised SC-FDMA-IDMA scheme has been investigated through simulations over higher order modulation schemes. Simulation results show that PAPR reduction performance of the presented technique is quite near to optimum values required with fairly good BER performance in UWA environment at high SNRs as well.
Further the presented PAPR reduction technique is distortionless and simple to implement because it uses the same master random interleaver to distinguish the user and to reduce PAPR also. Moreover, side information required is also minimal. Owing to its features being adaptable to power-limited as well as band-limited environment, this technique will be an appropriate choice for underwater acoustic environment.
